Abstract: Molecular mapping of cultivated oats was conducted to update the previous reference map constructed using a recombinant inbred (RI) population derived from Avena byzantina C. Koch cv. Kanota × Avena sativa L. cv. Ogle. In the current work, 607 new markers were scored, many on a larger set of RI lines (133 vs. 71) than previously reported. A robust, updated framework map was developed to resolve linkage associations among 286 markers. The remaining 880 markers were placed individually within the most likely framework interval using χ 2 tests. This molecular framework incorporates and builds on previous studies, including physical mapping and linkage mapping in additional oat populations. The resulting map provides a common tool for use by oat researchers concerned with structural genomics, functional genomics, and molecular breeding.
Introduction
The first molecular linkage map in cultivated (hexaploid) oat was developed from a cross between Avena byzantina C. Koch 6 cv. Kanota and A. sativa L. cv. Ogle (K × O) (O'Donoughue et al. 1995) . That map contained 561 markers covering a distance of 1482 cM. Subsequently, maps have been published for the hexaploid oat crosses 'Clintland64' × 'IL86-5698' (Jin et al. 2000) , 'Ogle' × 'TAM O-301' (Portyanko et al. 2001) , and 'Kanota' × 'Marion' (Groh et al. 2001a) . Mapping in hexaploid oat has been guided by the mapping of two diploid oat populations: Avena atlantica Baum et Fedak × Avena hirtula Lag. (A × H) (O'Donoughue et al. 1992) and Avena strigosa Schreb. × Avena wiestii Steud. (s × w) (Rayapati et al. 1994 ). The latter map has recently been updated (Kremer et al. 2001) . Although all the maps of hexaploid oat represent significant advances, none can be considered complete. Difficulties associated with mapping in a large hexaploid genome (Sorrells 1992) , as well as problems associated with numerous chromosomal rearrangements (O'Donoughue et al. 1995) , have made it difficult to establish a representative molecular map in hexaploid oat.
Despite these difficulties, molecular maps in oat have provided a foundation for further genetic studies. Maps have been used for the identification of disease resistance genes , the localization of quantitative trait loci (QTLs) (Siripoonwiwat et al. 1996; Ronald et al. 1997; Jin et al. 1998; Kianian et al. 1999 and Groh et al. 2001b) , and the development of molecular markers for use in breeding (A.R. McElroy, personal communication) . Future exploitation of research in functional genomics involving the assignment of gene functions and the use of genetic information from diverse species will require increasingly detailed and complete molecular maps. So, too, will efforts to explain the details of genome structure and to understand the evolutionary events that have produced the current oat germplasm.
Over the past several years, the K × O map has been a fulcrum for oat genomics research. Major advances have been made in the number of mapped markers and in the completeness of the molecular linkage framework. The current report compiles these advances into a comprehensive analysis that can serve as a useful reference for future genomic research.
Materials and methods
The reader is referred to O'Donoughue et al. (1995) for detailed methodology of previously reported results. A number of the original techniques have been updated and the details of these modified methods are described below. A complete list of molecular marker sources (Table 1) is also included, as are the details of other methods unique to this report, and a summary outlining recent population development.
Population development
The molecular map reported by O'Donoughue et al. (1995) was based on bulked progeny from 71 F 6 -derived recombinant inbred (RI) lines produced by single-seed descent from random F 2 plants of the K × O cross. This population was later extended by the addition of another 70 F 6 -derived lines, which have been used in several QTL mapping studies (Kianian et al. 1999 (Kianian et al. , 2000 Groh et al. 2001b) .
To further reduce the effects of any remaining heterozygosity, random seeds from each of the original F 6 -derived lines were greenhouse grown in Ithaca, N.Y., and single random panicles were harvested from the F 8 and F 9 generations. Bulked F 10 seed from one random F 9 panicle from each line was then multiplied in Aberdeen, Idaho, and distributed to each collaborating laboratory for use in further mapping.
DNA purification
Large-scale purification of DNA, done to provide the quantities of DNA required for RFLP (restriction fragment length polymorphism) analysis, was performed using a scaled up and simplified version of the protocol from Dellaporta et al. (1983) . Frozen tissue was ground and divided between 50-mL Falcon tubes (Becton Dickinson, Franklin Lakes, N.J.) such that each tube contained no more than 20 mL of tissue. Thirty millilitres warmed (65°C) extraction buffer (100 mM Tris(hydroxymethyl)aminomethane-HCl (pH 8.0), 50 mM ethylenediaminetetraacetic acid (EDTA) (pH 8.0), and 500 mM NaCl) was added to each tube and the contents mixed by stirring with a glass rod. Two millilitres of 20% sodium dodecyl sulphate (SDS) was then added to each tube and the tubes shaken vigorously. After incubation at 65°C for 10 min, 10 mL of 5 M potassium acetate was added to each tube and the tubes were again shaken vigorously. The tubes were then placed on ice for 20 min. Most of the debris was removed by centrifugation of the samples at 9000 rpm for 20 min at 4°C in a Beckman JA-12 rotor (Beckman Coulter, Fullerton, Calif.) . Remaining debris was removed by filtering the supernatants through one layer of Miracloth (Calbiochem, San Diego, Calif.) into sterile 50-mL tubes. After ethanol precipitation, the DNA was removed from each tube using a glass Pasteur pipette. The DNA was washed once in 70% ethanol, dried, then dissolved in TE (10 mM Tris-HCl (pH 8.0) -1 mM EDTA (pH 8.0)) at a concentration of approximately 5-10 mg/mL. Small-scale DNA extractions for RAPD (random amplified polymorphic DNA) analysis were performed as described in Hoffman and Bregitzer (1996) N.J.) membranes using a standard capillary transfer setup with glass plates for support.
RFLP analysis
Probes for RFLP analysis labeled with 32 P were purified by centrifugation through MicroSpin S-400 HR columns (Amersham Pharmacia Biotech) according to the manufacturer's instructions, with an additional buffer exchange step. During this step, the columns were equilibrated with 1% SDS -25 mM EDTA (pH 8.0), which was also used to wash the probes through the columns. The probes were denatured in 0.4 N NaOH for 15 min at room temperature before being added to the hybridization boxes containing the blots.
Clones designated ACO were isolated from a cDNA library constructed using the Unizap-XR phagemid vector (Stratagene, La Jolla, Calif.) . This library represents genes expressed in immature oat inflorescences from A. sativa L. cv. Marion.
Other markers
AFLP (amplified fragment length polymorphism) analysis was performed as described by Jin et al. (1998) or Groh et al. (2001a) , microsatellite analysis as described by Li et al. (2000b) , RAPD analysis as described by Hoffman and Bregitzer (1996) , and isoenzyme analysis as described by Portyanko et al. (2001) or Hoffman (1992 Hoffman ( , 1999 .
Merging of data from multiple sources
This study incorporates marker determinations from several laboratories performed over an extended period of time. When duplicate marker scores were available from different sources, these were merged to include only those scores that were consistent. When independent clones mapped to the same location and these clones gave identical restriction patterns, and (or) the clones had nearly identical DNA sequences, they were assumed to represent duplicate marker loci. Scores from duplicate loci were merged as above. A high degree of heterozygosity was still observed in several of the F 10 lines and data from these lines were not used.
Molecular mapping
Mapping was performed using G-MENDEL Win32 version 0.8b (Holloway and Knapp 1993) , hereafter referred to as Gmendel, and MAPMAKER version 3.0 for PC (Lander et al. 1987) , hereafter referred to as Mapmaker. In Gmendel, the data were analyzed according to an F 6 model. Because the Mapmaker RI model does not permit heterozygous or dominant marker scores, the F 2 model was used and observed recombination distances (R) were adjusted to gametic values (r) based on the expectation for RI lines: R = 2r/(1 + 2r). This approximation was used for consistency, because it deviates very little from the expectations for either the F 6 or F 10 generations used in this study. Primary linkage group assignment was performed using Gmendel based on the criterion of LOD 7.0 established by O'Donoughue et al. (1995) . Grouping was confirmed in smaller subsets of loci using Mapmaker. The grouping threshold was relaxed to LOD 6.0 or 5.0 to validate the joining of groups based on evidence from other sources.
Before groups were ordered, the least informative markers were excluded. This included markers with data from fewer than 60 lines, markers with a high percentage of heterozygous scores (5% or more), and markers showing extreme segregation distortion (P < 0.01 based on χ 2 ). Such markers were not excluded in exceptional circumstances, such as when entire regions showed segregation distortion.
The ordering of markers within groups was performed using the exhaustive search and simulated annealing algorithms of Gmendel. The maximum number of markers for exhaustive search was set to 12. The simulated annealing parameters used were as follows: proportion = 0.5, k2 = 3, maximum inner loops = 300, and maximum outer loops = 150. The maximum allowable recombination frequency was set to 0.3. Under these conditions, approximately 135 000 marker orders were tested per simulation.
Three or more simulations were performed to determine whether an order was stable or not. If necessary, markers were removed and the order recalculated until a stable order was reached. Clusters of tightly linked loci often caused unstable orders. In these circumstances, one of a pair of cosegregating or closely linked markers would be removed from the framework. Codominant markers and those with more complete data sets were preserved when possible. Markers showing sporadic or inconsistent locations were also removed when their removal resulted in a stable order.
Marker orders were further tested by examining marker groupings at LOD 10 and 12 in Gmendel and by using Mapmaker. After a stable order was found, individual markers within that order were tested to determine if they caused substantial stretching. Markers were removed when they caused stretching of an interval by approximately 50% or more or when they were not useful because of their close proximity to other more informative markers.
The markers remaining after this culling process were designated framework markers. Other markers were placed relative to the framework map using the program Multiple Molecular Marker Map Manager (M5) .
Results and discussion

General mapping results
The current map has 1166 markers, including the AFLP results from Jin et al. (2000) and Groh et al. (2001a) . Twenty-nine linkage groups are represented, covering a map distance of 1890 cM. This is considerably shorter than the distance reported for the map of Jin et al. (2000) and is a result of the exclusion from the framework of many markers that would otherwise cause map expansion.
The current map differs from previous K × O maps (Table 2) because it comprises more than twice the number of markers, many of the markers have now been scored on an additional 62 lines, and most of the markers have been placed relative to a robust framework. Data from the analysis of aneuploid stocks (Kianian et al. 1997; Start 2000; Fox et al. 2001 ) have also been used to bring together a number of linkage groups.
Robust map framework and additional placed markers
The framework map is presented in Fig. 1 . Placed markers are represented in Fig. 1 by placement bars and in Fig. 2 by name. The inclusion of all markers in the framework map would have presented problems both with visualization (there are regions with extremely high marker density), as well as with ambiguity of marker order. Most placed markers have only minor scoring variations from other markers placed in the same interval. Had every marker been included in the framework map calculations, a stable marker order would not have been found, because many equally probable orders would have existed. The placement bars in Fig. 1 illustrate the map location of each placed marker and the degree to which each marker would stretch the interval if it were positioned independently from other placed markers. Some marker placements cause a large degree of stretching. One reason for this might be heterogeneity in the mapping population. Marker scores produced by different laboratories using the same clones occasionally conflicted for several progeny. The problem was more pronounced for marker determinations performed on the F 6 vs. the F 10 lines. While some of these differences might have resulted from differences in visual scoring, there remains a strong possibility that the presence of heterozygous chromosomal regions in the original set of lines has resulted in the fixing of different alleles at these locations among the sets of lines now maintained at different laboratories.
A number of markers are now known to be synonymous for the purpose of molecular mapping (Table 3) . Synonymous markers are included in Figs. 1 and 2 for historical consistency and because there remains a small probability that certain marker pairs could distinguish rare recombinants in the marked region. Some of these clones produce the same banding patterns when used as RFLP probes and some partially sequenced clones were found to contain identical or nearly identical sequence. The map positions of the marker bands produced by each clone in Table 3 were used to confirm these common identities, particularly when sequence information was used. Many of the similarities had not been noticed previously because the clones had been mapped using different restriction enzymes or because certain of the mapped bands were not always easily scored and, therefore, not always named and used for mapping. Table 4 summarizes the evidence for the joining of linkage groups and indicates which groups have been joined in the current map. The addition of new marker data (current work; Jin et al. 2000) and the use of more than one mapping program (current work) provided some evidence for the joining of linkage groups, whereas others were joined based on information from aneuploid analysis (Kianian et al. 1997; Start 2000; Fox et al. 2001 ). However, some results are contradictory and need to be confirmed before additional groups can be joined. Figure 3 provides an example of how two linkage groups were constructed using different sources of information. As outlined in Table 4 , there was evidence for joining group 24 with 26 and 34, group 22 with 44, and group 44 with 18. However, there has been debate as to whether groups 44 and 18 represent one group with a duplicated region or whether they represent two homoeologous groups. As shown in Fig. 3 , wheat chromosome 3A (Nelson et al. 1995 ) has a duplicated region near clone CDO482, one of the clones represented in oat groups 44 and 18. When group 22 is joined with groups 44 and 18, the position of marker BCD115 is also consistent between wheat and oat. Further evidence for the linkage of groups 22, 44, and 18 comes from comparison with group 24_26_34, which has a large number of markers in common with groups 22, 44, and 18 and contains similar duplications.
Joined linkage groups
Homoeologous regions and evidence for structural rearrangements
The first markers mapped in K × O were chosen from those previously mapped in a diploid oat cross, A. atlantica Baum et Fedak × A. hirtula Lag. (A × H) (O'Donoughue et al. 1992) , and a comparison of the two maps made it clear that there are major structural differences between hexaploid and diploid oat species (O'Donoughue et al. 1995) . Further evidence for structural differences is provided by the current map.
The pattern of duplication among K × O linkage groups and between K × O and A × H (Table 5) suggests a very complex series of duplications and rearrangements has occurred. Figure 4a illustrates the most significant (four or more markers in common) regions of homoeology between A × H and K × O. Figure 4b illustrates the most significant (also four or more markers in common) regions of homoeology among the K × O groups.
At a crude level, one can infer which of the K × O groups make up homoeologous sets. However, it is apparent from Fig. 4a that major translocations have occurred in groups 3+38 (representing A × H groups A and C), 6 (groups A and D), 7_10_28 (groups B, D, and E), and 11_41+20 (groups C and G). O'Donoughue et al. (1995) located the same structural rearrangements in groups 3, 6, 7 (groups B and D), and 11 and also concluded that groups 2 (D, A, and B) and 5 (A and F) had been rearranged. Group 5 has only three markers in common with group F and, therefore, this potential relationship is not shown in Fig. 4 . However, group 5 does show homoeology with group 21+46_31+40, which is homoeologous with group F. Group 2 shows homoeology with group B and is homoeologous with the group A portion of group 3+38. It also shares three markers with each of groups A and D. However, the group D markers present on group 2 overlap those from groups A and B, making the situation less clear. 
Yes LOD 6 (see Fig. 2 c ) - 
Regions of skewed segregation
Six regions of the current map show segregation distortion with P < 0.01 based on χ 2 (Table 6 ). The regions on groups 6 and 11 are the same as those identified by O'Donoughue et al. (1995) . Both coincide with small clusters of markers, suggesting that recombination in these areas is also reduced. The region on group 11_41+20 also contains the putative translocation breakpoint described above, unlike the region on group 6, which is some distance away from the putative translocation breakpoint. The skewed loci previously detected on group 24 were less significant using the current data, but an additional region of distortion was found on group 13. This region was not associated with any clustering of markers or obvious potential translocation breakpoints.
Regions of clustered loci
Some short regions of the map showed a strong tendency towards the clustering of markers (Table 7 ; Fig. 1 ). Four of these clustered regions were reported previously by O'Donoughue et al. (1995) and now show an even greater tendency towards the clustering of loci. An additional three regions (6, 11, and 23) reported by O'Donoughue et al. (1995) show some clustering in the current map, but are not as pronounced as those reported in Table 7 . These include one of the small clusters on group 6 and the cluster on the group 11 portion of group 11_41+20, described above as being associated with skewed regions. Two pairs of clusters are within homoeologous or duplicated regions: those on groups 2 and 3 and those on groups 7_10_28 (section 7) and 17. The cluster on group 24_26_34 (section 24) is homoeologous with a non-clustered region of group 7_10_28 (section 28). Other minor homoeologies exist between the clusters as well; e.g., clone BCD1851 marks the clusters on groups 2, 3, 17 (one cluster), and 30.
The presence of well-defined areas of reduced recombination represented by the marker clusters on different groups could be explained by the existence of centromeres in these regions. Comparisons of physical and genetic maps have shown reduced recombination frequencies in centromeric regions in wheat (Lukaszewski and Curtis 1993) , barley (Pedersen et al. 1995) , rye (Lukaszewski 1992) , and rice (Saji et al. 2001) . Fig. 3 . Example of linkage group construction using linkage mapping, aneuploid analysis, and comparative mapping. 'Kanota' × 'Ogle' (KO) groups 24, 26, and 34 were linked using aneuploid information, as were groups 22 and 44. Groups 44 and 18 link in Gmendel at LOD 6.0 but there has been some question as to whether they represent one duplicated region or two homoeologous groups. Comparative mapping with wheat (Nelson et al. 1995) and the presence of other duplications in groups 24_26_34 and 22 suggest groups 44 and 18 are syntenic. Shared markers are noted in the figure, with placed markers in boldface type. Lines connect homologous and (or) homoeologous markers between groups and duplications within groups.
One of the more prominent clusters is on group 3+38. This group has been the subject of much attention, because C banding has provided evidence of a translocation between a C-genome chromosome (7C) and an A/D-genome chromosome (17) in 'Ogle' (representing the spring-type A. sativa L.) but not in 'Kanota' (representing the winter-type A. byzantina C. Koch) (Jellen et al. 1995) . The current group order agrees with the aneuploid data presented by Fox et al. (2001) and several of the markers used in the aneuploid study are group 3+38 framework markers.
Although a centromere may also be present in this region, the presence of the very large cluster on group 3+38 may be explained by its location near the 17-7C translocation breakpoint, which has been located between markers CDO395B and CDO1319A . It is possible that the markers in this cluster represent the four chromosomal regions corresponding to the different configurations of 17 and 7C in 'Kanota' and 'Ogle'. The map of this group (both current and previous versions) represents the 17-7C 'Ogle' configuration. Presumably, the complementary 'Ogle' fusion product and the two separate 'Kanota' chromosomes each exists as a set of markers with a linear pattern of recombination events. Because of the absence of recombination at the intersection of the meiotic tetrad, the correct map configuration might arrange these markers in the shape of an X. However, the mapping software would only have been able to determine that all of the markers involved were linked and may have imposed them upon a single framework representing only one of the possible configurations.
The current group 3+38 map is most similar to the maps of Jin et al. (2000) and O'Donoughue et al. (1995) , but it is evident that the complexities of this group will need further resolution if this region of the map is to be useful in further studies, particularly those involving the detection of QTLs. Hall et al. (1997a Hall et al. ( , 1997b have had some success in relating the genetic and cytogenetic maps of pea (Pisum spp.) and mapping translocation differences. However, the buffering effects of polyploidy and the resulting large numbers of structural rearrangements will make this extremely difficult in hexaploid oat.
Other irregularities may also be present in the K × O map because of chromosomal differences between the parents. Up to five bridges have been reported at anaphase I of meiosis in F 1 hybrids between oat cultivars (Fedak et al. 1999) . Such configurations are indicative of paracentric inversion differences between parental chromosomes. Crossovers in inversion loops will lead to dicentric chromosomes that give rise to the anaphase I bridges observed with accompanying acentric fragments. The consequences of such crossovers are gametes with duplications or deficiencies. Such gametes would be inviable in diploid species such as maize or barley, but may function in a polyploid like oat. This would provide Group  1  2  3  4  5  6  7  8  9  11  13  14  15  16  17  19   1  4  1  2  7  1  2  3  1  3  1  3+38  4  7  1  4  2  1  1  9  1  6  1  2  4_12  1 an explanation for some of the duplications and deficiencies observed when scoring certain markers and could also have caused the aberrant segregation that lead to differences in scores among lines maintained at different labs. Portyanko et al. 2001; Kremer et al. 2001) .
The K × M map comprises 178 markers defining 27 groups and covers a genetic distance of 736 cM (Groh et al. 2001a) . Sixteen of these groups were determined by the authors to be homologous with regions of varying length on 15 K × O groups. These assignments were based on the analysis of comigrating marker bands from both RFLP and AFLP markers; however, certain of the groups only share one or two markers. As discussed by Groh et al. (2001a) , additional data will be required to confirm these matches, as they also determined that one particular AFLP band represented group 7_28 in K × M, but the homoeologous group 17 in K × O.
When the criterion of four or more markers in common is applied and the information from Groh et al. (2001a) is used, eight K × M groups show homology with those of K × O: 3, 5, 6, 7_28, 14, 15, 16, and 22. The O × T map comprises 441 markers defining 34 groups and covers a genetic distance of 2049 cM (Portyanko et al. 2001) . Thirteen of these groups were determined by the authors to be homologous with regions of varying length on 13 K × O groups. These assignments were also based on the analysis of comigrating marker bands but, again, most of the groups only share one or two homologous markers. When the criterion of four or more markers in common is applied and the information from Portyanko et al. (2001) is used, eight O × T groups show homology with those of K × O: 3 (with K × O group 3), 4 (with group 5), 8 (with group 6), 15 (with group 16_23), 16 (with group 30), 31 (with group 24_26_34), 32 (with group 17), and 34 (with group 11_41+20). Two other O × T groups can only be assigned to a homoeologous set. Group 1 has five markers in common with K × O group 22, one of which was determined to be homologous. It also has four markers in common with K × O group 24_26_34, two of which were determined to be homologous. Similarly, group 10 has four markers in common with K × O group 24_26_34, with one being homologous, and two markers in common with K × O group 7_10_28, with both being homologous. However, given that 41   21  22  24  25  29  30  32  33  36  37  39  42  45  A  B  C  D  E  F  G group 31 has homology with K × O group 24_26_34 (although it, too, shares markers with the other groups), it is likely that group 1 has homology with K × O group 22 and that group 10 has homology with K × O group 7_10_28. None of the O × T groups has more than one marker in common with any of the K × M groups. The information from the O × T and K × M maps can be used to strengthen some of the conclusions concerning structural rearrangements in K × O. For example, O × T group 4, which is homologous with K × O group 5, also shows the structural rearrangement of segments homoeologous with A × H groups A and F (Fig. 5) . The same regions also show homoeology with S × W groups D and E. K × M group 5, however, only shows homology with the portion of K × O group 5 homoeologous with A × H group F, perhaps because of the small map size and small number of common markers (not shown).
Similarly, the rearrangement in K × O group 6 with respect to A × H group A and D can be seen in O × T group 8 and the C and G rearrangement in K × O group 11_41+20 can be seen in O × T group 34 (not shown). The situation with K × O group 3+38 is less clear. K × M group 3 shows homology with a large portion of K × O group 3+38 and this region includes the translocation breakpoint. It should also be noted that this homology with K × M group 3 supports the version of K × O group 3+38 presented in this work. O × T group 3 shows homology with a small portion of K × O group 3+38, but only within the region representing chromosome 17. This may be because very few markers are shared between the O × T map, the S × W map, and A × H group C. It is intriguing, however, because, like 'Kanota' and 'Ogle', 'Kanota' and 'Marion' contrast for the chromosome 17-7C translocation, whereas 'Ogle' and 'TAM O-301' (even though the latter represents A. byzantina C. Koch) do not (Portyanko et al. 2001 ).
Applications and future directions
The ability to resolve 21 oat chromosomes in a single linkage map has been confounded by a number of factors. A limiting factor in the previous K × O map (O'Donoughue et al. 1995) was population size. The current study attempted to resolve this by increasing the population size for a subset of markers, thereby increasing the statistical power for identification of linkage.
Physical mapping has also helped to resolve some previously undetected linkages through assignment of linkage groups to common chromosomes. This strategy should continue and may benefit from the development of additional oat monosomic lines. The use of novel marker types such as AFLP and microsatellites has been less helpful in reducing the number of linkage groups. These PCR-based markers are easier and faster to use than RFLPs, but the level of microsatellite polymorphism in oat is low (Li et al. 2000b) and AFLPs produce very complex banding patterns in hexaploid oat. We will continue to assess new marker technologies as they are developed.
Comparisons among oat maps and efforts to develop an oat consensus map have been challenging because of the difficulties presented by homoeologous and duplicated loci and the apparent presence of chromosomal rearrangements. Efforts to develop an oat consensus map should continue; however, we suggest that these efforts need to accommodate the potential for physical rearrangements within different mapping populations. This may require the use of innovative presentation methods, such as circular comparative maps (Moore et al. 1995) , that can illustrate segmental consensus in the presence of structural difference. This work could also take advantage of interactive bioinformatics tools that are capable of facilitating the discovery and representation of segmental consensus.
The identification of QTLs has been successful (Siripoonwiwat et al. 1996; Jin et al. 1998; Kianian et al. 2000; Groh et al. 2001b ), but the application of this information to molecular breeding has shown limited success. In part, this may be because of limited funding for oat research or because there are no large, private oat-breeding programs with access to extensive molecular technology. However, as molecular technologies become increasingly accessible, the future success of molecular breeding in oat will depend on our being able to locate adaptive alleles with good, general combining ability that are linked to easily scored molecular markers.
The current K × O molecular map will facilitate future molecular breeding efforts in several ways. Firstly, it provides an anchored framework of RFLP markers in a widely available reference population that can be used to locate molecular markers for various traits of interest. A large number of placed markers in the same regions then become available for the development of "breeder-friendly" selectable markers. Secondly, the K × O marker framework provides guidance for the development of skeletal or partial maps in additional populations. These may be required for the identification of QTL alleles in new or uncharacterized germplasm. Thirdly, the K × O map provides a large collection of mapped cDNA clones, many of which are associated with publicly available sequence information. This information can be used directly, as in the development of molecular markers through sequence analysis, or indirectly, as in the a Criterion for inclusion is more than three clustered markers with χ 2 > 6.63. b Criteria for inclusion are two adjacent framework markers with few other markers present in this region. Table 7 . Clusters containing greater than 15 markers within a 7-cM interval on the 'Kanota' × 'Ogle' map. tentative assignment of gene function. The latter strategy depends upon the existence of significant DNA or protein homology of oat sequences to characterized genes from other species. The potential advantages of comparative mapping across species have been described by Sorrells (2000) . As detailed structural maps are developed in model species such as rice and maize, they can be used to identify additional molecular markers that may be useful in oat. Knowledge of the positions of putative genes in oat will provide further information about sequential homology among the Gramineae. This knowledge of sequential homology may allow the transfer of information about locations of QTLs from other species, which will be useful for the development of molecular breeding strategies for improvement of the oat crop.
